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Abstract
In dense systems composed of numerous nanoparticles, direct simulations of near-field ra-
diative heat transfer (NFRHT) require considerable computational resources. NFRHT for the
simple one-dimensional nanoparticle chains embedded in a non-absorbing host medium is
investigated from the point of view of the continuum by means an approach combining the
many-body radiative heat transfer theory and the Fourier law. Effects of the phase change
of the insulator-metal transition material (VO2), the complex many-body interaction (MBI)
and the host medium relative permittivity on the characteristic effective thermal conductiv-
ity (ETC) are analyzed. The ETC for VO2 nanoparticle chains below the transition temperature
can be as high as 50 times of that above the transition temperature due to the phase change
effect. The strong coupling in the insulator-phase VO2 nanoparticle chain accounts for its
high ETC as compared to the low ETC for the chain at the metallic phase, where there is a mis-
match between the characteristic thermal frequency and resonance frequency. The strong
MBI is in favor of the ETC. For SiC nanoparticle chains, the MBI even can double the ETC as
compared to those without considering the MBI effect. For the dense chains, a strong MBI
enhances the ETC due to the strong inter-particles couplings. When the chains go more and
more dilute, the MBI can be neglected safely due to negligible couplings. The host medium
relative permittivity significantly affects the inter-particles couplings, which accounts for the
permittivity-dependent ETC for the VO2 nanoparticle chains.
Keywords: effective thermal conductivity, near-field radiative heat transfer, many-body
interaction, insulator-metal phase-change material, nanoparticles
1. Introduction
Near-field radiative heat transfer (NFRHT) is currently attracting a lot of interests for its
fundamental and applicative facets [1, 2, 3, 4, 5]. In dense particulate systems, the separa-
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tion distance between two nanoparticles is often comparable to or less than the character-
istic thermal wavelength [6]. Due to the near-field effect (e.g., evanescent wave tunneling),
the heat flux will exceed the Planck's blackbody limit by several orders of magnitude, which
has been predicted thanks to the fluctuational electrodynamics theory [7, 8, 9, 10, 11, 12] and
proved by recent experimental observations [13, 14, 15, 16, 17, 18].
Many important progresses have been reported on direct simulations of NFRHT for sys-
tems composed of nanoparticles. On the one hand, the inter-ensemble NFRHT between two
nanoparticle ensembles (e.g., three-dimensional (3D) clusters of hundreds of nanoparticles
[6, 19, 20] and two-dimensional (2D) nanoparticle ensembles [21, 22, 23], as well as the sim-
ple ensembles composed of only a few nanoparticles [24, 25]) has been analyzed. On the
other hand, the intra-ensemble NFRHT inside the nanoparticle ensemble itself has also been
reported. The fractional diffusion theory was applied to describe NFRHT along 3D plasmonic
nanostructure networks, as well as one-dimensional (1D) ones, and the heat superdiffusion
behavior was found [26]. For 2D fractal structures, the effects of the structure morphology on
the collective properties were analyzed and the heat flux has no large-range character, in con-
trast to non-fractal structures [27]. Thermal radiation behavior along a 1D nanoparticle chain
has been shown to be significantly affected by another nanoparticle chain in proximity due to
strong couplings [28]. Radiative heat flux along a linear chain considering an external mag-
netic field was also analyzed [29]. In addtion, thermal transport behaviors along the atomic
chains due to quantum effects have been reported recently [30, 31, 32]. In general, the di-
rect simulation of NFRHT for dense particulate systems composed of hundreds of thousands
of nanoparticles will introduce considerable unknowns, which will be very time-consuming
and will require considerable computational resources.
From the point of view of continuum, the method applying the effective thermal con-
ductivity (ETC) to characterize the NFRHT in dense particulate systems based on the diffu-
sion assumption is really time-saving, as compared to direct simulation methods (e.g., many-
body radiative heat transfer theory [24, 25], scattering matrix method [33, 34], trace formulas
method [35, 36], thermal discrete dipole approximation method (T-DDA) [37, 38, 39], fluctu-
ating surface currents approach (FSC)[40], boundary element method (BEM) [41], finite dif-
ference time domain method (FDTD) [42, 43, 44] and the quasi-analytic solution [45], to name
a few). The kinetic theory (KT) framework was applied to obtain the ETC for 1D nanoparticle
chains [46, 47]. Recently, the limitations of KT framework to describe NFRHT was analyzed
systematically: 1) the KT framework is not suitable for materials with resonant modes outside
the Planck's window (e.g., metal Ag) and 2) the KT framework cannot be applied directly to 2D
and 3D systems due to the lack of dispersion relations for these systems [48, 49]. Most recently,
a new method based on the many-body radiative heat transfer theory and the Fourier law (MF
method) was proposed by Tervo et al. [50] to obtain the ETC for arbitrary nanoparticle collec-
tions allowing the comparison between different materials and different heat transfer modes.
Due to the limitation of the KT framework describing ETC for nanoparticle ensembles
NFRHT, the investigation on ETC for materials supporting resonances outside the Planck's
window is still missing. Furthermore, VO2 attracts lots of interests because of its special
insulator-metal transition behavior around its phase transition temperature. Besides, there
is still lack of the investigation on the ETC for phase-change VO2 nanoparticle ensembles,
especially for its metallic phase. Based on the promising phase-changing characteristics for
VO2, many potential applications were proposed recently: 1) near-field applications (e.g., the
radiative thermal rectifier [51, 52], thermal transistor [53], conductive thermal diode [54], dy-
namic radiative cooling [55] and the scalable radiative thermal logic gates [56]); 2) far-field ap-
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plications (e.g., radiative thermal memristor [57] and radiative thermal rectifier [58]). Hence,
it's worth analyzing the effects of the phase change on the ETC for VO2 nanoparticle ensem-
bles, in addition to the phase-change effect on the thermal conductance reported very re-
cently [21].
Nanoparticles in a dense particulate system often lie in the near field of each other, which
results in the many-body interaction (MBI) making the NFRHT mechanism more complex
[24, 50, 59]. Though the complex MBI effects on the radiative heat flux and thermal conduc-
tance for various nanoparticle systems (three-nanoparticle system [24, 60, 61], 1D nanoparti-
cle chains [28], 2D nanoparticle ensembles [21, 23, 27], 3D nanoparticle ensembles [6, 19, 20])
have been analyzed, the MBI effect on the ETC is still missing.
We extract simple 1D nanoparticle chains from realistic 3D nanoparticle ensembles em-
bedded in a non-absorbing host medium and focus on the thermal property (i.e., effective
thermal conductivity) describing and characterizing the NFRHT from the point of view of
continuum. The relative permittivity of the host medium significantly affects the inter-particle
couplings [49, 59]. Effects of the host medium relative permittivity on the ETC of closely
spaced 1D metallic nanoparticle chains have already been analyzed [46]. However, effects
of the host medium relative permittivity on the ETC for the specific case of phase-change VO2
nanoparticles have not yet been investigated.
We address the aforementioned missing points in this paper, where the ETC for the 1D
nanoparticle chains of interest is obtained by means of the MF method. In Sec. 2, we give a
brief description of the theoretical models for the MF method, as well as the formulas con-
cerning the ETC for 1D nanoparticle chains. In Sec. 3, effects of the phase change of the
insulator-metal transition material (i.e., VO2), complex many-body interaction and host medium
relative permittivity (²m) on the effective thermal conductivity due to NFRHT are analyzed.
The optical properties for the materials used in this work are also given in this section.
2. Models
In this section, we describe in brief the physical system (the schematic is shown in Fig. 1)
and the theoretical aspects of the MF method for the ETC due to NFRHT in 1D nanoparticle
chains. The nanoparticle chain is divided into two parts L and R by an imaginary plane.
Figure 1: Schematic of the ordered nanoparticle chain embedded in a non-absorbing host medium with permittivity
²m. The radiative heat flux in the chain is the sum of the net heat exchange between nanoparticles from part L and
nanoparticles from part R. Parts L and R are separated by the imaginary surface (dash line). The lattice spacing is h.
Nanoparticle radius is a. A small linear temperature gradient dT /dx along the chain is assumed.
The ETC due to near-field radiative heat transfer is defined as follows:
ke f f =
Q
A · |dT /dx| , (1)
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where A is the cross section, Q is the net radiative heat flux in the chain under a small linear
temperature gradient dT /dx, which is given as follows [50].
Q =∑
i∈L
∑
j∈R
Gij(T )dij
∣∣∣∣dTdx
∣∣∣∣ , (2)
where dij is the separation distance center to center between the nanoparticle i from the part
L of the chain and nanoparticle j from the part R of the chain, Gij(T ) is the radiative thermal
conductance between nanoparticles i and j, which yields [23, 26]
Gij(T )= 3
∫ +∞
0
dω
2pi
∂Θ(ω,T )
∂T
Ti,j(ω), (3)
where Θ(ω,T ) is the mean energy of a harmonic Planck's oscillator, ω is the angular fre-
quency, the parameterTi,j(ω)= 43 k
4
²m
Im(χiE )Im(χ
j
E )Tr(G
EE
ij G
EE†
ij ), χE =αE − ik
3
6pi |αE |2 , αE is the
nanoparticle polarizability, k =p²m ω/c is the wave vector in the host medium, ²m is the host
medium relative permittivity, c is the speed of light in vacuum, the Green 's function GEEij in
the many-particle system naturally includes the many-body interaction and is the element of
the following left matrix.
0 GEE12 · · · GEE1N
GEE21 0
. . .
...
...
...
. . . GEE(N−1)N
GEEN1 G
EE
N2 · · · 0
=

0 GEE0,12 · · · GEE0,1N
GEE0,21 0
. . .
...
...
...
. . . GEE0,(N−1)N
GEE0,N1 G
EE
0,N2 · · · 0
A−1, (4)
where GEE0,ij = e
ikr
4pir
[(
1+ ikr−1
k2r 2
)
I3+ 3−3ikr−k2r 2k2r 2 rˆ⊗ rˆ
]
is the free space Green's function connect-
ing two nanoparticles at ri and rj, r is the magnitude of the separation vector r = ri − rj, rˆ
is the unit vector r/r , I3 is the 3× 3 identity matrix and the matrix A including many-body
interactions is defined as
A= I3N −k2

0 α1EG
EE
0,12 · · · α1EGEE0,1N
α2EG
EE
0,21 0
. . .
...
...
...
. . . αN−1E G
EE
0,(N−1)N
αNE G
EE
0,N1 · · · αNE GEE0,N (N−1) 0
 , (5)
where I3N is the 3N × 3N identity matrix. Hence, the effective thermal conductivity will be
rearranged as
ke f f =
1
A
∑
i∈L
∑
j∈R
Gij(T )dij. (6)
The effective thermal conductivity ke f f can also be expressed as the frequency integral of the
spectral effective thermal conductivity kω: ke f f =
∫ +∞
0 kω dω. For materials (e.g., metal Ag)
where the magnetic-magnetic polarized eddy-current Joule dissipation dominates the radia-
tive heat transfer, rather than the electric-electric polarized displacement current dissipation,
the magnetic dipole contribution to the radiative heat transfer can be taken into considera-
tion in the parameterTi,j(ω) by the coupled electric and magnetic dipole approach [6, 21].
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3. Results and discussion
In this section, the optical properties of phase-change VO2 and polar SiC nanoparticles are
introduced. Effects of the phase change, complex many-body interaction and host medium
relative permittivity on the ETC of the 1D nanoparticle chains due to the NFRHT are analyzed
by means of the MF method. We consider particles with radius a = 25 nm forming a chain
with 250 elements in part L and as many in part R. This is large enough to reach convergent
results for all the calculations of interest considered here [49].
3.1. Dielectric function and polarizability of nanoparticles
VO2 is a kind of phase-change materials, which undergoes an insulator-metal transition
around 341 K (phase transition temperature). Below 341 K, VO2 is an uniaxial anisotropic
insulator, of which the dielectric function can be described by the following tensor [62]:²‖ 0 00 ²⊥ 0
0 0 ²⊥
 , (7)
where ²⊥ and ²‖ are the ordinary and extraordinary dielectric function component relative to
the optical axis, respectively. Both ²⊥ and ²‖ can be described by the Lorentz model as follows:
²(ω)= ²∞+
NL∑
n=1
Snω2n
ω2n − iγnω−ω2
, (8)
where Sn , ωn and γn are the phonon strength, phonon frequency and damping coefficient
of the nth phonon mode. NL is the number of phonon modes (NL = 8 for ²⊥ and NL = 9 for
²‖). All the necessary parameters for both ²⊥ and ²‖ can be found in Ref.[62]. Above 341K, the
dielectric function of the metallic-phase VO2 is described by the Drude model as follows [62]:
²(ω)= ²∞
ω2p
ω2− iωγ , (9)
where ²∞ = 9, ωp = 1.51×1015 rad·s−1 and γ =1.88×1015 rad·s−1. In addition to the phase-
change VO2, the polar SiC is also used. The dielectric functions of SiC is described by the
Drude-Lorentz model ²(ω)= ²∞(ω2−ω2l + iγω)/(ω2−ω2t + iγω) with parameters ²∞ = 6.7, ωl
= 1.827 × 1014 rad·s−1, ωt = 1.495 × 1014 rad·s−1, and γ = 0.9 × 1012 rad·s−1 [63].
For an isotropic material embedded in the host medium with ²m, the polarizability can be
obtained from the first order Lorenz-Mie scattering coefficient [64, 65].
αE =
i6pi
k3
a1, (10)
where a1 is the first order Lorenz-Mie scattering coefficient defined as
a1 =
²/²m j1(y)[x j1(x)]
′− j1(x)[y j1(y)]′
²/²m j1(y)[xh
(1)
1 (x)]
′−h(1)1 (x)[y j1(y)]′
, (11)
where x = ka, y =p²/²mka, a is the nanoparticle radius, ² is the relative permittivity, j1(x)=
sin(x)/x2−cos(x)/x andh(1)1 (x)= ei x (1/i x2−1/x) are the first order Bessel function and spher-
ical Hankel function. For 1D nanoparticle chains composed of many anistropic insulator-
phase VO2 nanoparticles, we assume that nanoparticlesâA˘Z´ anisotropic axes are randomly
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oriented. For this reason, we decide to use the well-known 1/3− 2/3 description given in
Ref. [66] and consisting of two steps: first calculate polarizability for nanoparticle using ²⊥
and ²‖ separately, and then add up the results according to the 1/3−2/3 rule [21]:
αE =
1
3
αE (²‖)+
2
3
αE (²⊥). (12)
The polarizabilities for both insulator-phase and metallic-phase VO2 nanoparticles are shown
in Fig. 2. In order to compare the resonance frequency to the characteristic thermal frequency,
the spectral radiance of the blackbody at 400 K is also added in Fig. 2(b) for reference. The
characteristic thermal frequency mismatches with the polarizability resonance frequency of
metallic VO2 nanoparticle.
(a) Insulator-phase VO2 (b) metallic-phase VO2
Figure 2: Polarizability of VO2 nanoparticle: (a) insulator phase and (b) metallic phase. Nanoparticle radius a is 25
nm. ²m = 1. For insulator VO2 particle, the “1/3−2/3” rule is applied to calculate the polarizability with the help of
²‖ and ²⊥ [66]. The spectral radiance of the blackbody at 400 K is also added for reference.
3.2. Effect of the phase change on ETC
The ETC of the ordered nanoparticle chains (as shown in Fig. 1) as a function of tempera-
tureT is shown in Fig. 3. Here a = 25 nm andh = 75 nm. SiC and insulator-metal phase-change
VO2 nanoparticles chains are embedded in a host medium with ²m = 5. The temperature T
ranges from 300 K to 500 K, including the transition temperature of the VO2.
For the non-phase-change SiC nanoparticle chain, the ETC increases monotonically with
temperature. While for the insulator-metal phase-change VO2 nanoparticle chain, an obvi-
ous transition of the ETC can be observed around the transition temperature of the VO2. In
the temperature range of interest, the ETC for the metallic-phase VO2 nanoparticle chain at
high temperature is even much lower than that of the insulator-phase VO2 nanoparticle chain
at low temperature, which is due to the insulator-metal phase change of VO2. As shown in
Fig. 2(b), an obvious mismatch between the resonance frequency of the metallic-phase VO2
nanoparticle and the characteristic thermal frequency (Planck's window), which accounts for
the low ETC. However, for the insulator-phase VO2 nanoparticles, the resonance frequency
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Figure 3: Effective thermal conductivity ke f f of nanoparticle chains as a function of temperature. Phase-change VO2
and polar SiC are considered. Nanoparticle radius a = 25 nm. Lattice spacing h =75 nm. ²m = 5.
matches well with the characteristic thermal frequency as shown in Fig. 2(a), which accounts
for the high ETC.
To give a quantitative description on the phase change effect, the dependence of the ETC
on h/a is shown in Fig. 4. SiC (300K), insulator-phase VO2 (300K) and metall-phase VO2
(400K) nanoparticles chains in vacuum are considered. The dependence of the ratio of k ie f f
(the ETC for insulator-phase VO2) to kme f f (the ETC for metallic-phase VO2) on h/a is also
shown in Fig. 4. In general, the ratio k ie f f /k
m
e f f is much larger than unity. The ETC for the
insulator-phase VO2 nanoparticle chains is much larger than that of the metallic-phase VO2
nanoparticle chains. The ratio k ie f f /k
m
e f f increases to its maximum (around 50) and then de-
creases with increasing h/a. The phase change effect is significant when the chain is compact
and decreases when the chain goes dilute. In addition, the ETC decreases with increasing
h/a. The inter-particle coupling decreases when the lattice spacing of the nanoparticle chain
h increases. The decreasing coupling accounts for the decreasing ETC when increasing h/a.
3.3. Effect of the many-body interaction on ETC
To evaluate the effects of the many-body interaction on the ETC, we define the following
parameter [6]:
ϕ=
ke f f
k0e f f
, (13)
where ke f f is the ETC evaluated with the help of the radiative thermal conductance in Eq.(3)
and the Green's function including the MBI in Eq.(4), k0e f f is the ETC without the MBI evalu-
ated with the help of the Eq.(3) and the free space Green's function. Generally speaking, the
MBI inhibits the ETC when ϕ < 1, enhances it when ϕ > 1 and can be neglected safely when
ϕ≈ 1.
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Figure 4: Dependence of the ETC on h/a. SiC (300K), insulator-phase VO2 (300K) and metallic-phase VO2 (400K)
nanoparticles chains in vacuum are considered. The dependence of the ratio of kie f f (the ETC for insulator-phase
VO2) to k
m
e f f (the ETC for metallic-phase VO2) on h/a is also added. Nanoparticle radius a = 25 nm.
We quantitatively evaluate the MBI effect on the ETC for polar SiC, metallic-phase VO2
and insulator-phase VO2 nanoparticle chains. The dependence of the parameter ϕ defined
by Eq.(13) on the geometrical dimensionless parameter h/a is shown in Fig. 5. Nanoparticles
of three different sizes have been considered a = 5 nm, 25 nm and 50 nm. As shown in Fig. 5,
ϕ is never less than unity, which indicates that the MBI does not inhibit the ETC for the chains
composed of the considered materials. When h/a > 8, ϕ starts to approach unity. The MBI
decreases with the increasing lattice spacing h. When h/a < 8, ϕ> 1. The MBI is favorable to
the ETC. Small lattice spacing (i.e., h/a < 8) results in strong inter-particles couplings, which
resulting in a significant MBI.
The maximal ϕ for SiC nanoparticle chains is around 2. The MBI can double the ETC for
SiC chains. For SiC nanoparticle chains, an extremum value forϕwas observed ath/a ≈ 3.5, of
which the insight is still unclear and remains to be explored in the future. It's worth mention-
ing that a similar extremum value for ratio of radiative heat flux between two nanoparticles
with insertion of a third nanoparticle to that of the two isolated nanoparticles when increasing
the distance between the two nanoparticles has already been reported [24]. It's also observed
in Fig. 5 thatϕ does not change with varying the nanoparticle size. That is to say that the MBI
is independent of the nanoparticle size. ϕ for the metallic-phase VO2 and insulator-phase
VO2 nanoparticle chains is similar to each other, though ϕ for the metallic-phase VO2 chains
is a little bit larger than that of the insulator-phase VO2 chains.
3.4. Effect of the host medium relative permittivity on ETC
The dependence of total ETC on the host medium permittivity ²m for insulator-metal
phase-change VO2 is show in Fig. 6. Nanoparticles with radius a = 25 nm and h = 75 nm
are used. ETC increases with the host medium relative permittivity ²m for both insulator-
phase and metallic-phase VO2. The host medium relative permittivity significantly affects the
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Figure 5: The dependence of the ratio ϕ of the effective thermal conductivity ke f f of nanoparticle chains with the
MBI to that without MBI on h/a. Insulator-phase VO2, metallic-phase VO2 and polar SiC are considered. Nanoparti-
cles of three different sizes have been considered a = 5 nm, 25 nm and 50 nm. ²m = 1.
inter-particle coupling, which finally significantly affects the ETC. High relative permittivity is
favorable to enhancing the ETC and radiative heat transfer in the nanoparticle chain, which
is consistent with the reported results for closely spaced metallic nanoparticle chains [46]. In
addition, at low relative permittivity ²m, the difference between the ETC for the VO2 nanopar-
ticle chains at different phases (i.e., metallic phase and insulator phase) is much smaller than
that at high relative permittivity, of which the insight will be analyzed in the following from
the thermal conductivity spectrum standpoint.
The dependence of the spectral effective thermal conductivity kω on the angular frequency
ω and the relative permittivity of the host medium ²m is shown in Fig. 7: (a) insulator-phase
VO2 (300 K) and (b) metallic-phase VO2 (400 K) (a = 25 nm and h = 75 nm). For a fixed angu-
lar frequency, the value of the spectral effective thermal conductivity increases significantly
with increasing ²m, which is consistent with the dependence of total ETC on ²m, as shown
in Fig. 6. Increasing the relative permittivity is in favor of enhancing the radiative effective
thermal conductivity. For metallic-phase VO2 nanoparticle chains, the frequency peak of the
spectral effective thermal conductivity corresponds to the characteristic thermal frequency,
as shown in Fig. 7(b). However, for insulator-phase VO2 nanoparticle chains, besides the peak
of the spectral effective thermal conductivity corresponding to the characteristic thermal fre-
quency, there are several secondary peaks, as shown in Fig. 7(a). It's worthwhile to mention
that the peak of the spectral effective thermal conductivity shows a red-shift behavior with the
increase of relative permittivity ²m for both insulator-phase and metallic-phase VO2, as can
be seen from Fig. 7.
From the formulas for the ETC (i.e., Eq. (6) combined with the Eq. (3)), the polarizabil-
ity for the nanoparticle plays a significant role in determining the ETC for the nanoparticle
chains. To understand the insight of the red-shift behavior of the peaks with increasing the
relative permittivity ²m and different spectral behaviors of the effective thermal conductivity
9
Figure 6: The dependence of ETC on the host medium permittivity ²m for insulator-metal phase-change VO2.
Insulator-phase VO2 (300 K) and metallic-phase VO2 (400 K) are considered. Nanoparticle radius a = 25 nm. h = 75
nm.
(a) Insulator-phase VO2 (b) metallic-phase VO2
Figure 7: Dependence of the spectral effective thermal conductivity kω on the ω and relative permittivity of the host
medium ²m : (a) insulator phase (300 K) and (b) metallic phase (400 K). Nanoparticle radius a is 25 nm. h = 75 nm.
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for the insulator-phase VO2 and metallic-phase VO2 nanoparticle chains, the polarizability of
the VO2 nanoparticles embedded in the host medium with several different relative permittiv-
ities ²m is given in Fig. 8 (a) for insulator-phase VO2 nanoparticles and (b) for metallic-phase
VO2 nanoparticles with the following parameters. Nanoparticle radius a = 25 nm. Relative
permittivity ²m= 1, 3, 5 and 7, respectively. The increasing directions of the ²m, as well as the
angular frequency corresponding to the main peaks, are also added for reference.
(a) Insulator-phase VO2 (b) metallic-phase VO2
Figure 8: Polarizability of VO2 nanoparticle at several different relative permittivities ²m : (a) insulator phase and (b)
metallic phase. Nanoparticle radius a is 25 nm. Relative permittivity ²m= 1, 3, 5 and 7, respectively. The increasing
directions of the ²m, as well as the angular frequency corresponding to the main peaks, are added for reference.
As shown in Fig. 8, the peak of the polarizability shows an obvious red-shift behavior for
both the insulator-phase VO2 and metallic-phase VO2 nanoparticles, which accounts for the
red-shift behaviors of the peaks for the spectral effective thermal conductivity as shown in
Fig. 7. This red-shift behavior of the peaks for the polarizability with increasing ²m results in
the increasing match between the peak frequency of the polarizability and the characteristic
thermal frequency (Planck's window, as shown in Fig. 2(b)), which accounts for the increas-
ing total ETC with increasing ²m as shown in Fig. 6. For the metallic-phase VO2 nanoparticle
chain, we also can observe a competition between the following two processes: (1) the de-
creasing peak value of the metallic-phase VO2 nanoparticle polarizability with increasing ²m
and (2) the increasing match degree between the peak frequency of the polarizability and the
characteristic thermal frequency (Planck's window) with increasing ²m. As shown in Fig. 6,
the total ETC increases with increasing the ²m, therefore, the match degree between the peak
frequency of the polarizability and the characteristic thermal frequency (Planck's window) is
the influencing factor prior to the exact value of the polarizability peak.
4. Conclusion
Near-field radiative heat transfer for 1D nanoparticle chains embedded in a non-absorbing
host medium is investigated from the point view of the continuum by means of the MF method
combining the many-body radiative heat transfer theory and the Fourier law together. Effects
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of the phase change of materials, complex many-body interaction and host medium relative
permittivity on the effective thermal conductivity ETC are analyzed.
The value of the ETC for VO2 nanoparticle chains below the transition temperature can
reach around 50 times that above the transition temperature due to the phase change effect.
The strong coupling in the insulator-phase VO2 nanoparticle chain accounts for its high ETC
as compared to the low ETC for the metallic-phase VO2 nanoparticle chain, where there is
a mismatch between the characteristic thermal frequency and the polarizability resonance
frequency.
Strong MBI is in favor of the ETC. For dense chains (the ratio of the lattice spacing to
nanoparticle radius h/a < 8), the MBI enhances the ETC, which is due to the strong coupling
in the dense chains. When the chains go more and more dilute (h/a > 8), the MBI can be ne-
glected safely, which is due to negligible coupling. It's worthwhile to mention that for the SiC
nanoparticle chain the MBI can even double the ETC of the chain as compared to that with-
out considering MBI. It is still remaining unknown whether there are some other materials in
nature supporting an even larger MBI effect on ETC than SiC.
The host medium relative permittivity significantly affects the inter-particle coupling, which
accounts for the permitivity-dependent ETC for the VO2 nanoparticle chains. The red-shift
behavior of the peaks for the polarizability with increasing ²m results in the increasing de-
gree of match between the peak frequency of the polarizability and the characteristic thermal
frequency (Planck's window), which accounts for increasing the total ETC with increasing ²m.
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